Abstract-Bellows membranes are essential elements in many actuator devices. Currently, the size, shape, and dimensions of bellows membranes are limited by the fabrication process constraints. Miniaturizing the bellows membranes is a prerequisite for the development of integrated systems with novel capabilities as needed, for example, in advanced biomedical devices. Using a two-photon polymerization, 3-D printing technique, we present a high-resolution, high-yield, and customizable manufacturing process to produce Parylene C micro-bellows. An optimization of the crucial design parameters is performed using finite element modeling from which designs with high deflection and low stress were obtained. Different micro-bellows designs are fabricated and characterized. The total volume of the fabricated models ranges from 3 to 0.3 mm 3 and the minimum feature size is 60 µm. The achieved cumulative deflection ranges from 300 to 570 µm.
related to Parylene C bellows is presented in Table I and arranged in a chronological order. The progress in microfabrication methods has spurred the development of complex microsystems with efficientand versatile fabrication processes. A rather emerging manufacturing technique is 3D printing, also known as rapid prototyping. Driven by the growing interest in microdevices and microfabrication, the 3D printing resolution witnessed a remarkable improvement. Especially, the introduction of the two-photon polymerization (TPP) technique allowed 3D printing to overcome the micrometer barrier, achieving a resolution in the nanometer range [14] , [15] . TPP was employed in different domains such as microelectromechanical systems [16] , biomedical devices [17] , [18] , micro-photonics and imaging [19] , [20] , and tissue engineering [21] [22] [23] . Although this technology offers a very high resolution, it has been used to fabricate structures having a dimension in the millimeter scale and feature size in the micrometer resolution [18] [19] [20] [21] [22] [23] .
In this work, we show the fabrication process to produce micro-bellows membranes with a high degree of design flexibility using TPP 3D printing technology. The process is aimed at providing miniaturization, customized dimensions, and mass production.
Three different micro-bellows designs are studied and optimized using the finite element modeling (FEM) method. 3D printing is used to fabricate master molds, from which Parylene C micro-bellow membranes are derived using a sacrificial mold technique. The fabricated membranes are characterized in terms of their deflection/pressure performance. Finally, the fabrication process is used for implementing two micro-bellows designs that push the limits of miniaturization.
II. MICRO-BELLOWS DESIGNS
Three rectangular and two circular micro-bellows membrane designs were studied based on work done in literature (Table I ). The bellows shapes were characterized by the corrugation length (CL) and depth (CD) in addition to the inner diameter (ID) and outer diameter (OD) for the circular models, as shown in Table II . The rectangular membranes are either triangular or rectangular, based on the corrugation crosssection (S1 to S3, in Table II ). The rectangular model (S1) had one and a half corrugations. For the triangular crosssection, two models were studied; one composed of three and a half corrugations (S2) and the other one, a miniaturized model, with eight corrugations (S3). In case of the circular membranes, S4 was composed of one and a half corrugations and S5 had 8 triangular corrugations.
1057-7157 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. III. MODELING AND FEM STUDY It has been previously shown that analytical models are not suitable to study such membranes, due to the large deflection and the nonlinear nature of Parylene C [8] , [24] . However, FEM had shown a good agreement with the experimental data of such complex devices [8] , [10] . Thus, FEM was used in this work to optimize the dimensions of the corrugation length and depth for each design, with respect to the largest deflection of the membrane, in addition to an investigation of the stress distribution under different loads.
Different shapes of micro-bellows membranes were designed using Solidworks 2016 (Dassault Systèmes, Vélizy-Villacoublay, France), as shown in Table II . The FEM was implemented for the 3D designs S1, S2 and S4 using the nonlinear static mode and large displacement formulation of Solidworks simulation software. In order to obtain more accurate results, a nonlinear elastic model was implemented. In addition, the data extracted from an experimental stressstrain curve [25] for 10 μm thick Parylene C was defined in the simulation software. The material properties used for the FEM analyses are summarized in Table III . The geometric symmetry of the design was exploited to simplify the simulations, and only a quarter model and a half model were used to simulate the circular and rectangular membranes, respectively.
IV. FABRICATION
The fabrication process of the bellows membranes consists of five steps, as shown in fig. 1 , and is described in detail in the following. The 3D printed mold and the PDMS replica are reusable; hence, the fabrication process for the replication of a specific membrane is reduced to only three steps.
A. 3D Printing
After designing the membranes (figure 1a), the Nanoscribe Photonics Professional (GT) system was used to 3D print the re-usable molds shown in figure 1b. A 25x magnification objective lens with a numerical aperture (NA) of 0.8 was selected to achieve dimensions within the millimeter to micrometer scale. The laser had a center wavelength λ = 780 nm, the power P was 150 mW [26] , and the shell scan speed was 50 mm/s. The irradiation intensity at the sample was calculated using the following equation [27] 
where E p is the pulse energy, τ p is the pulse duration (τ p = 100 f s), and w is the beam waist (radius). The pulse energy and the beam waist are expressed as
and
respectively. In (2), f is the repetition rate, which is equal to 80 MHz [26] . From (2) and (3), the pulse energy and the beam waist radius are equal to 1.875 nJ and 0.595 μm, respectively. Thus, the irradiation intensity is 1.685 TW/cm 2 . The printed structures were made of IP-S photoresist (Nanoscribe GmbH), a negative-tone photoresist that is characterized by its low shrinkage and smooth surfaces [26] . For sample S1, S2 and S4, both slicing and hatching distances were set to 2 μm. While, for the miniaturized samples S3 and S5, the slicing and hatching distances were set to 1 μm and 0.5 μm, respectively. (see supplementary material, Table S1 summarizes the parameters chosen to convert the STL file into a print job format). The printing configuration was dip-in laser lithography (DILL). The total printing time ranged from 2 hours to 5 hours, depending on the volume of each structure. The 3D molds were developed by immersion in mr-DEV 600 (micro resist technology GmbH, Germany) for 20 minutes followed by a 5 minutes wash in an isopropanol bath and dried with a gentle stream of nitrogen (figure 1b). A post-curing step was performed under 400 nm wavelength UV light with an intensity of 0.2 mW/cm 2 for 30 minutes to strengthen the structures and ensure the total polymerization of the resist (see supplementary material, figure S1-S5 for the scanning electron microscope images of the 3D printed molds).
B. PDMS Replica
The 3D printed structures were used as a master mold to create a negative replica of each design with polydimethylsiloxane (PDMS, Sylgard 184 Silicone Elastomer, Dow Corning Corp., Midland, MI). Using a laser cutter (Universal PLS6.75 10.6 μm CO2), a 25 mm × 25 mm frame of PMMA with 2 mm height was cut and glued to the silicon substrate with the 3D printed mold being located at the center. The frame was filled with PDMS (10:1 base-to-curing agent ratio), desiccated and then cured at 90°C for 1 hour in the oven. After cooling down to room temperature, the flexible PDMS was pulled off gently from the mold (figure 1c), resulting in a negative replica at the center of the PDMS sample. This process allows reusing the 3D printed structures repeatedly to make multiple PDMS replicas.
C. Sacrificial Mold and Parylene C Deposition
Crystalbond 555 (Ted Pella. Inc.) was used as a sacrificial mold for its low melting temperature (55°C), non-shrinkage and smooth surface. The molten crystalbond material was poured into the PDMS replicas, and the trapped air bubbles were evacuated manually with the tweezer. Within 30 minutes, the sacrificial molds solidified at room temperature. After removing the PDMS replicas, a sacrificial mold copy of the original 3D printed master mold was obtained ( figure 1d) . Next, the sacrificial mold was coated with approximately 10 μm of Parylene C (figure 1e) (SCS Labcoter® 2 Parylene Deposition System, Indianapolis, IN), and finally, the membranes were released after immersion in 50°C deionized water for 30 minutes (figure 1f). Figure 1 shows photos of each fabrication step for the three different membrane types. 
V. EXPERIMENTAL METHODS
The 10 μm thick micro bellows membranes were characterized using a custom test setup for pneumatic load deflection (figure 2). Each membrane was glued on top of a custom Poly(methyl methacrylate) (PMMA) test fixture patterned with the laser cutter. The PMMA fixture was connected to a flow controller (Elveflow OB1) that supplied a constant nitrogen pressure (0-200 kPa (0-29 psi)) monitored by the instrument's software. The membranes were expanded by applying pressure from 0 to 120 kPa with an increment of 20 kPa every minute. Using a microscope (PS-888; SEIWA OPTICAL CO. LTD, USA) with a 40× objective lens and 1 μm of vertical resolution, the corresponding deflection of the top surface of the membrane was measured. Initially, the microscope was focused on the membrane, which was in its deflated state, and the fine focus knob was calibrated to zero. At each pressure increment, the focus was readjusted, and the deflection was recorded.
VI. RESULTS AND DISCUSSION

A. Finite Element Analysis
The aim of this FEM analysis is to find, for each geometry, (S1, S2 and S4), the optimal corrugation depth and length combinations with respect to the highest deflection, while keeping the stress lower than the yield stress of Parylene C (59 MPa according to [28] ), under an applied pressure of 100 kPa. As shown in figure 3 the cumulative deflection for the three different geometries was very sensitive to the corrugation depth, showing a higher deflection for deeper corrugation. However, the variation in corrugation length was only critical for the triangular corrugation model (figure 3b) and slightly affected the other geometries, where the cumulative deflection was inversely proportional to the corrugation length. For the rectangular membrane with rectangular corrugation (figure 3a), the optimal depth and length parameters giving the lowest stress (42 MPa) and maximum deflection (371 μm) were 300 μm and 500 μm, respectively (figure S6 in the supplementary material). For the triangular corrugation design (figure 3b), the optimal depth and length were 250 μm and 300 μm, respectively, leading to a maximum deflection of 530 μm. However, in this model, a higher stress exceeding the yield strength of Parylene C was found for all the sets of corrugation depth and length simulated. This was observed in specific areas of limited size, especially in the folds lines regions ( figure S7 in the supplementary material) . For the Fig. 3 .
FEM analyses results of the membranes' cumulative deflection and stress (at 100 kPa) versus corrugation depth and length: (a) rectangular membrane with rectangular corrugation (S1), (b) rectangular membrane with triangular corrugation (S2), and (c) circular membrane with rectangular corrugation (S4). circular membrane design, the optimal depth and length parameters were 700 μm and 300 μm, respectively, leading to a maximum deflection and stress of 660 μm and 53 MPa, respectively ( figure S8 in the supplementary material) . 
B. Experimental Characterization
The Parylene C micro-bellows membranes of the three samples S1, S2, and S4, shown in Table II , were characterized using a custom pneumatic load-deflection test setup (figure 2). Three identical samples from each geometry were tested under the same load conditions, in order to study the reproducibility of the fabrication process and consistency of the characterization tests. As shown in figure 4 , for the experimental data, the error for each series of samples was between 2 to 10% of the average deflection value. The circular membrane model achieved the maximum height with a cumulative deflection of 570 μm (57% expansion compared to the initial height of 1 mm) at 120 kPa, which is 25% more than the rectangular membrane with rectangular corrugation. With the triangular corrugation cross-section, which offers a smart folded membrane that can be bent and expanded more than the rectangular corrugation model, similar results as with the circular one were obtained. The rectangular membrane with a triangular corrugation reached a cumulative deflection of 550 μm (55% of expansion compared to the initial height) compared to 320 μm for the rectangular corrugation membrane at an applied pressure of 120 kPa. The FEM results (simulation data in figure 4) were slightly higher than the experimental results, possibly due to an underestimation of Young's modulus, but showed a good trend matching. They showed a larger deviation from the experimental results for the rectangular membrane with a triangular corrugation, which might be, due to the higher number of convolutions (3.5 convolutions) that raise the degree of nonlinearity. The bellows membrane models showed a plastic deformation for pressures exceeding 120 kPa and could withstand up to 200 kPa (the maximum pressure provided by the flow controller used in the load-deflection setup) without bursting. The Parylene C micro-bellows membranes of the miniaturized samples S3 and S5 were characterized using the load deflection setup shown in figure 2. For both samples, the membranes' heights were compressed down to 300 μm. The maximum cumulative deflection reached for S3 and S5 was 600 μm under a maximum pressure of 195 kPa, as shown Table I , the dimensions achieved in S3 and S5 are five times smaller than the minimum feature size reported in [8] and about eight times smaller than the other listed references, while maintaining 100 % cumulative deflection (an initial height of 300 μm and a deflection of 300 μm). In comparison to the Parylene C bellows membrane described by Li et al. [10] , the external diameter of the circular microbellows model S4 is four and a half times smaller, the initial height is 38% shorter, and the cumulative deflections are 53% and 57% at 100 kPa and 120 kPa, respectively, compared to 111% at 3.5 kPa reported by Li et al. [10] . Note that, as the membrane's surface area is reduced the applied pressure becomes higher; however, the load forces are in the same order of magnitude.
VII. CONCLUSION
We demonstrated the development of universally applicable micro-bellows including the design, FEM parameter optimization, bellows deflection modeling, fabrication process using high-resolution 3D printing and mechanical characterization. Five different designs were studied in detail, out of which three designs were analyzed and compared to the FEM study. The other two models were fabricated in order to study the miniaturization potential of the process. The FEM analysis showed the effect of varying the corrugation depth and length on the membranes' deflection and stress. It turned out that the cumulative deflection is directly proportional to the corrugation depth and inversely proportional to the corrugation length. The mechanical characterization confirmed the FEM results of the micro-bellows deflection, where the maximum total height achieved was 1.57 mm, starting from an initial height of 1 mm (cumulative deflection of 570 μm). We demonstrated the capability of the developed fabrication technique to produce samples with a volume ranging from 3 mm 3 to 0.3 mm 3 . Furthermore, a high resolution was achieved, reaching a minimum feature size of 60 μm. By utilizing TPP 3D printing in the fabrication process, any complex 3D CAD design of micro-bellows can be converted into a final product, allowing customized structures for various applications without altering the fabrication process. Thereby, the 3D printing step, which is rather expensive and time-consuming, is utilized to create a re-usable master mold, making the process cost-effective and suitable for mass production. Moreover, the maximum dimension of the micro-bellows can be scaled down to the sub-millimeter scale, and the minimum feature size can reach up to (∼10 μm). It is also noteworthy that the materials used for the sacrificial mold and final bellows are biocompatible.
